Cytotoxicity and apoptosis are common problems in the isolation and storage of human hepatocytes. In vitro environments of hepatocytes during cell infusion may be critical to reducing cellular damage and enhancing cell viability. We examined the effects of donor liver histology (40-50% steatosis vs. normal), incubation time, temperature, and three solutions for infusion on banked primary human hepatocytes, by studying: trypan blue exclusion, AST release, LDH release, MTT assay, detection of DNA ladder, and a hepatocyte proliferation assay. In addition, the microstructure functions of the endoplasmic reticulum and mitochondria of the intact hepatocytes were determined by measuring correlates of UGT 1A1 and cytochrome P-450 3A (CYP3A4) activity. In general, hepatocyte viability decreased significantly within 60 min after thawing. Cells suspended in 5% dextrose lactated Ringers solution (D5LR) maintained greater cell viability. Hepatocytes from normal liver donors showed less AST and LDH enzyme leak in comparison with cells from fatty liver donors. Mild hypothermic temperature (32°C) inhibited cellular damage that otherwise significantly increased at 60 min. Hepatocytes did not proliferate until 12 h from thaw, regardless of supernatant or conditions of suspension. CYP3A4 activity and a marker for UGT 1A1 activity in hepatocytes from normal donor livers were higher than those from steatotic donor livers. These findings suggest that hepatocytes suspended for infusion after isolation from normal liver donors have normal biological functions and less cellular damage/necrosis in contrast with those isolated from fatty liver donors. These damages are inhibited significantly by maintaining hepatocytes at a mild hypothermic temperature (32°C). D5LR alone maintained the best cell viability for up to 60 min. Media of D5LR + adenosine and HMM were able to partially inhibit hepatocyte apoptosis in hepatocytes from steatotic livers.
INTRODUCTION
apoptosis in primary hepatocytes following isolation and cryopreservation (14, 19, 24, 29, 39) . Studies of primary Liver cell transplantation is a procedure that shows mouse hepatocytes have found a high percentage of hegreat promise for the treatment of many diseases now patocytes undergoing apoptosis during these manipulatreated definitively only with whole-organ transplantations (31). The effect of extreme temperature on liver tion. The advantages of cell transplantation include a cells has been investigated. Extreme hypothermia at 0simpler, safer, less costly procedure that takes advantage 10°C can trigger apoptosis in many tissues or cell types of currently discarded liver segments, and could use including hepatocytes (21, 32) . Mitochondrial permeabilstem cells or in vitro-expanded cells. Hepatocellular ity transition is a common pathway to necrosis and apotransplantation, infusing human hepatocytes in suspenptosis (20, 21) . Recently, it has been reported that mild sion over a period of minutes to hours, has been perhypothermia (32°C) suppresses apoptosis in a brain informed in humans with encouraging results (18, 41) . jury model by inhibiting mitochondrial damage by at-Isolation and cryopreservation of freshly isolated hepatenuating cytochrome C release (44) . For clinical cell tocytes is considered a standard procedure for the longtransplantation to progress, it is essential to prevent heterm storage of liver cells (42). However, most existing patocyte damage and apoptosis and to maintain the viamethods for banking hepatocytes do not allow sufficient bility of liver cells, which is expected to enhance regenrecovery of viable cells to meet the needs of basic reerative capacity and metabolic function of transplanted search or clinical trials of hepatocyte transplantation. An liver cells in vivo. Although the causes of hepatocyte additional supply barrier reported is that of necrosis and apoptosis in isolation and cryopreservation are still not fully understood, cell detachment from the extracellular dium (EMEM, Cambrex, Baltimore, MD) without glutamine but including 0.350 g/500 g liver, collagenase P matrix has been suspected to be one of the culprits (25) . Many studies have been done on hepatocytes in different (Roche Diagnostics Corporation, Indianapolis, IN), and 0.055 g/500 g liver, deoxyribonuclease I (Sigma, St. storage solutions after cryopreservation conditions (1,2, 9, 30, 45) . However, little is known how the solutions or Louis, MO)) was used for perfusion. The liver tissue was chopped and diluted with EMEM for three spin cy-condition of hepatocytes for clinical cell infusion will affect their biological characteristics, which may be crit-cles in the refrigerated centrifuge. Hepatocytes were cryopreserved by using Viaspan (Barr Laboratories, Inc., ical to the success of the cell transplant.
In the present study, we explored the biological char-Pomona, NY) with 10% DMSO (Sigma) and stored in a −80°C freezer. Trypan blue exclusion assay was per-acterization of human primary hepatocytes cryopreserved for transplantation. We used these banked liver cells iso-formed to calculate viability of hepatocytes prior to each set of experiments. Both the freshly isolated cells and lated from normal liver and steatotic liver to determine the effect of mild hypothermia (32°C) on biological banked hepatocytes were capable of maintaining normal liver function as determined by basal and induced CYP characteristics and physiological functions of hepatocytes suspended in three commonly used solutions. The 3A4 gene expression for up to 10 days in primary culture (36). purpose of this study was to find out the optimal conditions for liver cells to protect viability and function dur-Incubation of Banked Human Hepatocyte ing suspension for infusion. We studied and compared With Three Media necrotic and apoptotic cell death of hepatocytes derived from normal and fatty liver donors after mild hypother-Previously cryopreserved human hepatocytes were rapidly thawed at 37°C and placed in fresh Viaspan so-mic incubation with D5LR, D5LR + adenosine, and HMM solutions, respectively. Cell necrosis and apoptosis were lution (Barr Labotatories Inc.) for a spin in the refrigerated centrifuge. The cells were then separated equally assessed after 30-and 60-min incubation at mild hypothermic (32°C) and normothermic (37°C) conditions. into three different 50-ml tubes, at 1 × 10 6 hepatocytes/ ml, containing D5LR (Ringer's with 5% dextrose injec-Necrosis was assessed by trypan blue exclusion, aspartate aminotransferase (AST) release, lactate dehydrogenase tion USP, Baxter, Deerfield, IL) and D5LR with adenosine at 0.12 mM (Adenocard-Fujisawa), and William's (LHD) release, and mitochondrial 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) reduc-Medium E (HMM, Cambrex Bio Science, Baltimore, MD), respectively. Trypan blue exclusion (TBE) assay tion. Cell proliferation was also measured by 5-BrdU (bromo-2-deoxyuridine) incorporation in DNA synthe-was performed to determine exact numbers of viable cells for each experiment. Viable hepatocytes (5 × 10 6 ) sis. Apoptosis was determined by the induction of histone-associated DNA fragments. To our knowledge, were used for each experiment. The samples at zero time point were then harvested. The supernatants and pellets these studies represent the first systematic, clinically relevant studies of in vitro conditions and supernatant con-were frozen instantly in liquid nitrogen. With a dual chamber incubator set at 32°C and 37°C, respectively, tent, for optimal human hepatocyte infusion. each group of donor cells in three different media was MATERIALS AND METHODS placed inside the incubator with continuous rocker agita-Isolation of Hepatocytes tion to simulate clinical infusion technique for 30 and 60 min. At the conclusion of 30 and 60 min, the cells Hepatocytes were isolated as described in our previous publication (41) . Briefly, hepatocytes were isolated were transferred to Eppendorf tubes. The cell pellets were collected and the supernatant was harvested. from excess liver tissue of reduced human liver transplant procedures or from donor livers that had been re-Measurement of AST and LDH jected for solid organ transplantation ( Table 1 ). The mean cold ischemic time to isolated cell perfusion Upon the conclusion of the time zero, 30, and 60 min, the supernatant samples were transferred into Eppendorf (hours ± SD) of three liver donors with normal histology were compared with the mean cold ischemic time to iso-tubes and spun down. The supernatants were quickly frozen in liquid nitrogen and stored in a −80°C freezer. lated cell perfusion (hours ± SD) of four liver donors with 40-50% macrosteatosis. Once the water bath
The samples were sent to the CTC Laboratory at the VCU Medical Center for analysis with VITROS 500 reached 37°C, the liver was placed into a sterile stainless steel container inside a laminar flow hood area. A three-(Johnson & Johnson, Rochester, NY). step perfusion process began with using 1 L of Hanks MTT Assay balanced salt solution (HBSS) (Cambrex, Baltimore, MD) containing EGTA. Subsequently, 1 L of HBSS was MTT 10× stock solution was thawed. Upon reaching the time zero, 30-, and 60-min incubations, the samples infused. Finally, 1 L of Eagle minimum essential me- were placed in an Eppendorf tube and precipitated. The for 3 h as a positive control. DNA was visualized by placing the gel onto a UV light source and photographed. supernatants were quickly frozen for another experiment and the pellets for each data point were then brought up DNA Synthesis and Cell Proliferation Assays in 1 ml of fresh HMM medium. MTT (100 µl) was BrdU labeling and detection Kit III (Roche Molecular added to each sample and incubated at 37°C for 60 min Biochemicals, Mannheim, Germany) was used. Briefly, until the samples turned blue. They were then spun the principle of this assay is based on ELISA. Liver cells down and gently brought up in fresh HMM medium.
at 2000 per well were cultured in a flat bottom microti-The supernatants were discarded. Isopropanol (1 ml) ter plate (Nunc/Fisher Scientific) in a final volume of was then added directly to the cell pellet while shaking 100 µl culture medium. Different culture media (D5LR, on a rocker platform at room temperature for 1 h. Sam-D5LR + adenosine, and HMM) were used to incubate at ples were then stored in a −80°C freezer and batched to 32°C and 37°C, respectively. BrdU was added to the be read at 570 nm on the spectrophotometer (Dynatech culture medium and incubated with cells at 30 min, 60 MR5000, MTX Lab System, Vienna, VA). min, and 12 h, respectively. The culture media were Isolation of Genomic DNA From Human Hepatocytes carefully removed by suction and cells were washed twice with 250 µl washing solution and then fixed with 70% Three to five million human hepatocytes were used. The cells were centrifuged at 300 × g (1200 rpm in ethanol in HCl. After three washings, anti-BrdU Fab fragments were incubated for 30 min, at 37°C. Superna-Beckman TJ-6 centrifuge) for 10 min at room temperature. Lysis solution (1 mM EDTA, 10 mM Tris-HCl, pH tants were carefully removed and 100 µl peroxidase substrate was added for incubating at room temperature un-7.8, 10 mM NaCl, 1% SDS, and 100 µg/ml proteinase-K) was added into cell pellets and incubated for 3-4 h til positive samples showed a green color. The samples were measured in a microtiter plate reader (Dynatech at 55°C with gentle swirling. After cells were lysed, the solution was extracted three to four times with a phenol/ MR5000, MTX Lab System) at 405 nm. chloroform solution, discarding the lower layer each RNA Preparation and Analysis of UGT1A1 mRNA time. After ethanol precipitation the DNA pellet was re-Total hepatocyte RNA was prepared from 5 × 10 6 suspend in 0.5 ml of TE buffer. A typical yield was hepatocytes using the acid guanidinium thiocyanate-200-400 µg of DNA with a 260/280 ratio of 1.6-1.8.
phenol-chloroform extraction method described by Chom-Measurement of DNA Ladder by Electrophoresis cynski and Sacchi (6). Cells were washed once in icecold phosphate-buffered saline prior to extraction of the A 1% agarose gel was prepared and 1-3 µg of purified DNA was mixed with loading buffer. We used RNA. Pellets were dissolved in diethyl pyrocarbonatetreated water and the concentration determined by opti-U937 cells treated with 4 µg/ml camptothecin (CAM) cal density at 260 nm. RNA samples were analyzed for ance (ANOVA). Values of p < 0.05 were considered statistically significant. The hepatocytes we used were de-expression of UGT 1A1 as a marker for bilirubin glucuronidation using semiquantitative reverse transcriptase-rived from three normal liver donors and four steatotic liver donors. Each liver sample had multiple statistical polymerase chain reaction (RT-PCR). Two micrograms of total RNA was converted to complementary DNA analyzing points. (cDNA) in reactions (20 µl total volume) containing 1× RESULTS M-MLV reaction buffer (Invitrogen), 0.5 mM dNTPs, 10 mM dithiothreitol, 1 U/µl recombinant RNasin (Pro-Hepatocyte damage and apoptosis are well-known phenomena reported in both in vitro and in vivo studies mega), 1.5 µM polydT 17 , and 0.67 U/µl of M-MLV reverse transcriptase (Invitrogen). Reactions were incu- (14, 24, 29, 39) . In this report, in vitro conditions were used to investigate the effects of decreased culture tem-bated at 37°C for 60 min followed by addition of EDTA to 3 mM and heat inactivation at 72°C for 10 min.
perature on cellular integrity and biological functions of hepatocytes in different culture media. In particular, op-Hepatocyte cDNAs were analyzed for expression of the mRNAs for UGT 1A1 and β-actin using duplex PCR timal in vitro conditions of hepatocytes for cell infusion were investigated. Cytotoxicity was evaluated by changes performed as follows. PCR reactions (15 µl total volume) contained 1 µl of prepared cDNA, 0.2 µM of UGT in membrane integrity (AST release assay, LDH release assay, and MTT assay) after 30-and 60-min incubation 1A1 forward and reverse primer (5′-TGA GCA TGC TTG GGG CCA TC-3′ and 5′-CAC GAT GGG GCT GCA with three different solutions (D5LR, D5LR + adenosine, and HMM, respectively). Chemically induced cyto-AGG AA-3′, respectively), 0.2 mM dNTPs, 1× Taq DNA polymerase PCR reaction buffer (Invitrogen), 1.5 toxicity interferes with cell growth and proliferation, which is quantified by counting the number of viable mM MgCl 2 , and 0.725 units of Taq DNA polymerase. The samples were denatured for 4 min at 95°C, followed cells [trypan blue exclusion (TBE)] and by measuring the macromolecules of DNA in cell cycle. The presence with 25 cycles of 95°C for 1 min, 63°C for 1 min, and 72°C for 1.5 min. After the sixth cycle, forward and of liver cell apoptosis was evaluated by examining genomic DNA laddering by electrophoresis. One functional reverse primers for β-actin (0.2 µM final concentration) were added (5′-CTG ACT GAC TAC CTC ATG AAG assessment of hepatocytes was estimated by measuring hepatic UGT 1A1 mRNA level as a marker for bilirubin ATC CT-3′ and 5′-GTG TAA CGC AAC TAA GTC ATA GTC CG-3′, respectively). After 25 cycles, the re-glucuronidation, which is a key enzyme for bilirubin metabolism. In addition, activity of the microsomal en-actions were subjected to a final extension at 72°C for 15 min. Products were separated by electrophoresis zyme, CYP3A4, was evaluated by measuring testosterone metabolism to 6-β-hydroxytestosterone in the media. through 1% agarose-1× Tris-borate-EDTA gels and visualized in the presence of 0.5 µg/ml ethidium bromide Hepatocyte Viability using ultraviolet light. Images of the gels were recorded using a FotoDyne CCD video camera. Band intensities TBE and MTT assays were used to evaluate hepatocyte viability. TBE is a widely accepted method to esti-were quantitated by densitometric analysis using ImageJ v. 1.30 (Wayne Rasband, National Institutes of Health, mate cell viability of hepatocytes. In our studies, three normal donor livers (0% fat and normal architecture) Bethesda, MD). and four fatty donor livers (40-50% macrosteatosis) Assessment of CYP3A4 Activity by Measuring were used. Based on our studies shown in Table 2 , the 6-β-Hydroxytestosterone in the Media hepatocytes derived from normal donor livers had a significant ( p < 0.0001) lower initial viability (66 ± 3%) The details of this procedure were described in a previous publication (22) . Briefly, the hepatocytes were than hepatocytes derived from fatty liver tissues (89 ± 4%). To study it further, a mean cold ischemic time to prepared as described above. Testosterone (Sigma) was added into media with a final concentration of 100 µM isolated cell perfusion was measured in both normal and macrosteatotic donor liver group. Mean cold ischemic immediately after the cells thawed. Aliquots of different media (250 µl) were removed after 30-and 60-min incu-time (time from donor liver cooling to time of isolated cell perfusion) for normal donor livers (19.35 ± 14.67 h) bation, respectively. The formation of 6-β-hydroxytestosterone, a metabolic product of testosterone by hepatic was not significantly different from the macrosteatotic donor livers (18.46 ± 4.21 h) ( p > 0.05). Figure 1 illus-CYP3A4, was measured by HPLC as described previously (22) .
trates representative histological staining of normal liver tissue ( Fig. 1A) and steatotic liver tissue (Fig. 1B) . Once Statistical Analysis isolated cells were thawed, the viability decreased significantly from 66 ± 3% (time zero) to 41 ± 18% (time All results were expressed as means ± SD. The values between groups were compared using analysis of vari-60 min) ( p < 0.001) in the normal donor group, and from 89 ± 4% (time zero) to 67 ± 12% (time 60 min) these media affected the concentration of MTT formazan significantly. The levels of formazan at the 30-min ( p < 0.001) in the steatotic donor group. The hypothermic temperature (32°C) did not improve cellular viabil-incubation time was higher than at time zero in the normal donor cell group ( p < 0.001) and the steatotic donor ity compared with a normothermic temperature (37°C) in the TBE assay results in the normal donor group he-cell group ( p < 0.05). The MTT formazan levels of both cell groups at 30-min incubation were much higher than patocytes. However, a higher cell viability (81 ± 9%) ( p < 0.001) at 32°C was observed in the steatotic donor formazan level at 60-min incubation ( p < 0.0001). These data indicate that 30 min after cell suspension in the group hepatocytes compared with cells kept at 37°C (72 ± 14). With respect to media, hepatocytes incubated three solutions tested is the window for peak mitochondrial function. The MTT assay results subdivided by cul-with D5LR had better viability compared with the other two solutions ( p < 0.05).
ture media (solutions) used revealed a significantly better viability of cells in HMM compared with D5LR and MTT assay measures the metabolic activity of mitochondria in hepatocytes. It is based on the principle that D5LR + adenosine both in normal donor group cells ( p < 0.01) and steatotic group cells ( p < 0.001). There only cells with respiring mitochondria can reduce significant amounts of MTT, a soluble MTT formazan. The was no statistical difference in MTT assay results between D5LR and D5LR + adenosine in either cell group. concentration of MTT formazan is related to the number of viable hepatocytes. As shown in Table 2 , the level of Culture temperature (37°C or 32°C) had no effect on MTT formazan levels ( p > 0.05). MTT formazan in hepatocytes derived from normal liver was lower than the one from steatotic liver tissue ( p < Effects of Culture Conditions 0.01) at 60 min after thaw. The cell culture temperature on Hepatocyte Cytotoxicity also affected the MTT assay results. As shown in Table  2 , the concentration of MTT formazan in the steatotic
We measured the AST and LDH cellular release. The damaged membranes of liver cells can lead to a host of donor liver cell group (0.35 ± 0.2) was higher than that of the normal donor liver cell group (0.29 ± 0.15) ( p < toxic responses, including cell lysis and cell death, which can be quantitated by leakage of enzymes such as 0.01). The MTT assay data corroborate and parallel the TBE results. The duration of hepatocyte incubation with AST and LDH. Demonstrated in Table 3 , in general, hepatocytes derived from normal donor liver while sus-incorporation of BrdU in DNA synthesis of the cell cycle. Demonstrated in Figure 2A , hepatocytes did not pended in the three test solutions released lower levels of AST and LDH when compared with hepatocytes from proliferate significantly within 60 min after they were thawed from −80°C. The cells started proliferating after macrosteatotic liver tissues ( p < 0.0001). As the time course increased starting from time zero immediately 12 h of incubation in vitro in all these solutions (media). The level of proliferation was not different among the after thaw, the level of both AST and LDH in cells of the steatotic donor liver group significantly elevated three solutions. The level of proliferation at 12 h of cells from the steatotic donor liver was lower ( p < 0.001) than within 60 min ( p < 0.05). Both enzymes remained insignificantly changed in cells of the normal liver group the cells from normal donor liver, as demonstrated in Figure 2B . ( p > 0.05). Cytoplasmic injury as measured by this enzyme leak was a significant finding, at normothermia, Apoptosis of Hepatocytes in cells of steatotic donor liver. The mild hypothermic temperature of 32°C significantly inhibited this cellular It is well known that apoptosis occurs during cell isolation and cryopreservation. In our present studies of damage when compared with AST and LDH release at 37°C (p < 0.05). Among the effects of the three solu-hepatocytes, DNA fragmentation was used to detect apoptosis. Apoptotic cells are represented by a ladder pat-tions on enzyme leak, there was no statistical difference ( p > 0.05).
tern on gel electrophoresis. Results are demonstrated in Figure 3 . Figure 3A represents hepatocytes from normal We performed a cell proliferation assay by measuring liver tissue with 90% viability. There is no DNA ladder hepatocytes from steatotic donor livers ( p < 0.01). As the time increased to 60 min, UGT 1A1 decreased sig-formation at all conditions (positive control illustrated in lane 1). On the other hand, in Figure 1B results of nificantly (1.66 ± 1.14 vs. 1.20 ± 0.83, p < 0.0001). The effect of culture temperatures of 37°C and 32°C on ac-hepatocytes derived from a fatty liver with an initial viability of 51% are illustrated. Apoptotic DNA pattern tivities of UGT 1A1 were not different ( p > 0.05). However, the culture medium of HMM was much better than (DNA ladder) is observed in lane 2, in cells from time zero, immediately after they were thawed from −80°C.
D5LR and D5LR + adenosine in maintaining the level of mRNA expression of UGT 1A1 ( p < 0.01). With respect to the three solutions, both D5LR + adenosine and HMM were capable of partially inhibiting stea-We examined hepatic CYP3A4 activity indirectly, by measuring testosterone metabolism to 6-β-hydroxy-totic hepatocyte apoptosis, illustrated in Figure 3B in lanes 4, 7, 10, 13 (D5LR + adenosine) and lanes 5, 8, 11, testosterone levels in the hepatocyte media. Testosterone is metabolized in the hepatocytes into 6-β-hydroxytes-14 (HMM). The temperature and duration of hepatocyte incubation with media did not show any effects on DNA tosterone by CYP3A4 (22) . This method utilizes intact human hepatocytes for metabolic activities, not micro-ladder changes. The hepatocytes from two of four steatotic donor livers demonstrated apoptotic DNA fragmen-somal suspension, and provides a quick and reproducible estimate of CYP3A4 metabolic capacity and accu-tation. There was no apoptotic DNA laddering observed in cells from all three normal donor livers. rate protein expression levels (23). Shown in Figure 5 , enzyme activity was higher in hepatocytes derived from Biological Function of Hepatocytes normal donors ( p < 0.01). After cells were thawed, the activities increased significantly within 60 min ( p < We performed RT-PCR to semiquantitatively analyze mRNA expression of hepatic UDP-glucuronosyltrans-0.01). Hepatocytes at room temperature of 37°C had higher CYP3A4 activity in comparison with mild hypo-ferase (UGT) 1A1 (33). This enzyme in the hepatic endoplasmic reticulum is essential for glucuronidation and thermic temperature of 32°C. However, the three culture media (solutions) did not change enzyme activities sig-excretion of bilirubin (17, 33) . We have shown previously good correlations between UGT 1A1 mRNA nificantly ( p > 0.05). and bilirubin glucuronidating activity in human liver DISCUSSION (34) . After densitometric analysis the ratio of UGT 1A1 mRNA to housekeeping gene, β-actin, was calculated Hepatocyte isolation and transplantation, as with many other significant medical innovations, was the idea of a and is shown in Figure 4 . The UGT 1A1 mRNA was much higher in hepatocytes from normal livers than in clinician dealing with a devastating human disease. The clinical use of cryopreserved hepatocytes as a bridging cyte infusion included variables already practiced in the clinical setting based on clinician preference (3,13,38) mechanism for maintaining life prior to solid organ transplant was reported in 1993 (12) . Although many more such as: (a) normal versus steatotic donor liver hepatocyte origin; (b) infusion time recorded from "cell thaw" hepatocellular transplants have been conducted to treat acute, metabolic, and chronic human liver disease (11) , and suspension; (c) normothermic hepatocyte suspension infusion temperature; (d) two solutions with content there are no studies, that we are aware of, that explore the optimal media (i.e., solution and conditions) for clin-approved for clinical use [D5LR and D5LR + (0.12 mM) adenosine] (5,10,37) and the third solution, human ical infusion. Our in vitro studies were aimed at providing practical and achievable guidelines, under present hepatocyte maintenance medium, regarded as the optimal human hepatocyte culture medium (35, 40) . federal and "good clinical practice" standards for optimal human clinical hepatocyte transplant infusion (11) .
Hepatocyte viability is the primary parameter for selecting otherwise comparable lots of hepatocytes for in-As a first step, the in vitro conditions for human hepato- fusion (41) . Trypan blue exclusion gives a simple repro-many livers referred for cell isolation. Cold ischemia times to hepatocyte isolation were similar (approximately ducible estimate of cell viability (29,42). We used MTT reduction in addition to trypan blue exclusion as a paral-20 h) between the two cell groups (15) . The lower initial viability in the younger nonsteatotic "normal" liver do-lel measure of cell viability (mitochondrial and lysosomal function) (23). Because liver donor hepatocytes nor hepatocytes is presumed secondary to warm ischemic hepatocellular damage in the donors prior to pro-were entered sequentially as they became available, and were prospectively selected based only on the require-curement, reflected in the pressor drugs needed (Table  1) , and the rejection of these critically needed young ment for no steatosis in normal groups and 40-50% macrosteatosis in the comparable groups, other demo-livers grafts for whole organ transplant (7) . The threestep hepatocyte isolation and cryopreservation refined graphics such as age or sex were not used as selection criteria. The level of macrosteatosis chosen represents by Strom et al. and our group (40) yielded excellent viability by TBE (89%), and similarly good MTT reduction the percent of steatosis that, in general, is used clinically to reject a marginal liver for whole organ transplant (8) levels at time zero from thaw of steatotic donor hepatocytes. MTT reduction peaked significantly at 30 min in and from a practical point represents the histology of both cell groups, not affected by temperature, and signif-AST and LDH release in both cell groups compared with cell suspensions at 37°C. As expected, the release icantly preserved by HMM solution ( p < 0.01). Both the hepatocyte groups lost 15% viability by 30 min in so-of AST and LDH increased as time of cellular suspension from thaw increased (0-60 min, p < 0.0001). lution as measured by trypan blue exclusion. Culture temperature of 32°C delayed decline of viability for Apoptosis of hepatocytes has been studied extensively (21, 31, 32) . Mild hypothermia (32°C) has been shown to steatotic donor hepatocytes, and D5LR maintained the highest viability in nonsteatotic donor hepatocytes. be a simple, effective measure for reducing apoptosis in heart muscle (27) , neurons (43, 44) , and liver cells (21, The mild hypothermic temperature of 32°C significantly ( p < 0.0001) decreased cell injury as measured by 25) . Hepatocytes constitutively express Fas, the receptor for sFasL (16) . Apoptosis occurs spontaneously during min of 1.5 × 10 9 nonsteatotic hepatocytes prepared by the same isolation technique of Strom et al (40) , the the isolation and storage of primary hepatocytes (14) , and apoptosis triggered by Fas ligand binding of its re-need for phenobarbital (begun on post-cell transplant day 7) to induce glucuronosyltransferase activity to im-ceptor, Fas, on the cell surface of hepatocytes produces liver failure (26, 28) . Apoptosis, measured by DNA frag-prove bilirubin glucuronidation could have been predicted. More importantly, by knowing the level of ex-mentation, was not detected in nonsteatotic hepatocytes at room temperature and hypothermic conditions. DNA pression of the specific gene and the end protein product desired of the donor hepatocytes, pretransplant induction fragmentation laddering (illustrated in Fig. 3B ) was documented only in hepatocytes from steatotic livers and could result in clinically important higher enzymes levels, such as phenobarbital therapy given prior to hepato-with <70% trypan blue exclusion measured viability. Mild hypothermia (32°C) along with D5LR + adenosine cyte transplant for a metabolic defect correction such as Crigler-Najjar syndrome. and HMM solution partially inhibited DNA laddering in steatotic hepatocytes. The ability of the previously Based on these experimental findings, and the clinical safety reported so far of portal vein infusion of 30-cryopreserved normal and steatotic hepatocytes to proliferate under the experimental conditions was measured 100 × 10 6 hepatocytes/kg body weight at an infusion speed of 5-10 ml/kg/h and a concentration of 1-10 × by BrdU incorporation. Hepatocytes did not proliferate until 12 h of incubation, regardless of solution, culture 10 6 hepatocytes/1 ml (3,11), nonsteatotic hepatocytes suspended in D5LR and infused over 30-min intervals, temperature, and donor origin. DNA synthesis, proliferation, at 12 h of culture was significantly greater ( p < on ice, to maintain mild hypothermic 32°C solution temperature, should provide optimal hepatocyte transplant 0.0001) in nonsteatotic hepatocytes under all conditions (see Fig. 2B ).
infusion conditions. If only steatotic hepatocytes are available, cells with greater than 70% viability should There are no standards for functional hepatocellular assessment for comparing suspended, previously cryo-be used, in D5LR + adenosine solution, over a 30-min time and 32°C infusion temperature. To our knowledge, preserved human hepatocytes, under the experimental conditions we studied. We chose the well-studied and these studies represent the first controlled experiments detailing optimal in vitro conditions for human hepato-reliable method of CYP3A4 activity assessment by measuring the metabolic product (6-β-hydroxytestosterone) cyte infusion (transplantation). of testosterone metabolism (22) . We performed RT-PCR
